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Abstract 

We investigate intersecting D6-branes on an orientifold of type IIA theory in the orbifold 
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background T 6 /(Z,4 x Z2) with the emphasis on finding chiral spectra. RR tadpole cancellation 
conditions and the scalar potential at disc level are computed. The general chiral spectrum is 
displayed, and two supersymmetric models with a Pati-Salam group are shown, one with four 
generations and the other one with three generations and exactly the chiral matter content of 
the SM plus right handed neutrinos. 



1 Introduction 



In the recent years, open string models have started to play a key role in constructing phe- 
nomenologically appealing string vacua as well as getting a deeper understanding of the still 
unknown M-theory. The two major approaches in this direction consist in constructing chiral 
theories from D-brane set-ups in type II orientifold theories. One possibility relies on D-branes 
located at singularities which support chiral fermions on their worldvolume, see e.g. PJI2]- m 
the other approach, D-branes wrap some compact dimensions, and chiral fermions are located 
at intersections of D-branes [3] wrapping different compact cycles. The search for chiral and 
stable vacua in this framework has turned out to be be highly non-trivial. The first models with 
D-branes intersecting at angles were those where the D-branes are located on top of orientifold 
planes also at angles in an orbifold background. All these models turned out to be supersymmet- 
ric but non-chiral (UEj- Subsequently, general features for model building within intersecting 
brane world scenarios, e.g. family replication as well as the leading order behavior of gauge 
and Yukawa couplings in terms of geometric quantities of the compactification, were worked out 

m Hani. 

The picture of D-branes at non-trivial angles has a T-dual formulation in terms of D-branes 
with different magnetic background fluxes. An early observation on the possibility of supersym- 
metry breaking in this language was made in j^J. Further works in the picture with background 
fluxes were performed in |lUj . 

Pioneered by JT] , searches for exact realizations of the standard model and GUT models from 
intersecting D6-branes were performed in a number of papers |12[ 1X3] . and phenomenological 
issues for these models, e.g. the appearance of additional U(l) symmetries and the interpretation 
of the Higgs mechanism as brane recombination, were addressed in more detail [Tl]; for a very 
recent discussion on the exact structure of Yukawa couplings see also jT3j . 

Motivated by large extra dimension scenarios models with intersecting D4- and D5- 
branes with and without orientifold projections in the type II string theory framework were as 
well investigated in [T7]. A related model within the type 0' theory was discussed in [TH], and 
applications to cosmology started to be considered (see e.g. [TU]). 

In [201 5 generalizations of intersecting D-brane set-ups beyond the conformal field theory 
limit on orbifolds were discussed. 

In general, the chiral models are non-supersymmetric. Even if the low energy spectra are free 
of tachyons, NSNS tadpoles signal that the analysis is performed in a false vacuum. Furthermore, 
D6-branes at angles do not allow for large extra dimensions but enforce the string scale to be of 
the order of the Planck scale. 

These problems do, however, not apply to supersymmetric models. In [21], a class of chiral 
supersymmetric models with intersecting D6-branes in the orbifold background T 6 /(Z2 x Z2) 
was constructed. The phenomenology for standard model like spectra was subsequently worked 
out in |22j. A systematic search for SU(5) GUT models has also been performed recently [23]. 

Together with the T 6 /Z 4 orientifold model in [21], these are the two only known cases of 
models with D6-branes intersecting at angles which preserve supersymmetry and provide phe- 
nomeno logically appealing chiral spectra but, however, contain some exotic matter. 

Last but not least, another motivation to proceed with the search for chiral supersymmetric 
vacua from intersecting D6-branes consists in the fact that only the supersymmetric case lifts 
to a purely geometrical background in M-theory on a manifold with G 2 holonomy (see e.g. [2S| 
and the corresponding sections in [2U[2n] plus references therein). 
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In this paper, we search for chiral supersymmetric models in a type IIA orientifold on 
T 6 / (Z 4 x Z 2 ). The most simple non-chiral model on this orbifold was already found in Many 
features are similar to the simpler chiral model with product orbifold group T 6 /(Z 2 x Z 2 ) [2*Tj . 
but as in the case of T 6 /Z 4 [23], the D6-branes lie in certain invariant orbits under the orbifold 
group which make the analysis more involved. 

The paper is organized as follows: in section |2] the geometry of the compactification on 
T 6 /(Z 4 x Z 2 ) and basic model building ingredients are described. In section E] details of the 
RR tadpole cancellation calculation and the required D6-brane configuration are given. Subse- 
quently, in section |U the chiral spectrum is displayed. NSNS tadpoles are briefly commented on 
in section Two chiral models with a Pati - Salam gauge group — including one with three 
generations and no exotic chiral matter — are discussed in section |U] Finally, the conclusions 
are given in section [7] and some further technical details of the calculation are collected in two 
appendices |X] and |B1 

2 Geometry of the T 6 /(ttK xZ 4 x Z 2 ) orientifold 

Throughout the paper, we consider an orientifold of type IIA string theory compactified on the 
orbifold T 6 /(Z 4 x Z 2 ). The orbifold group Z 4 x Z 2 is generated by 

0: (z\z 2 ,z 3 ) -> (iz\-iz 2 ,z 3 ), 
" = (z\z 2 ,z 3 )^(z\-z 2 ,-z% 

where z 1 = x A + ix 5 , z 2 = x 6 + ix 7 , z 3 = x 8 + ix 9 label the internal complex coordinates of the six- 
torus which we consider to be decomposed into a product of three two-tori, T 6 ~ T 2 x T 2 2 x T 2 . 
This orbifold group action describes the singular limit of a Calabi-Yau compactification preserv- 
ing M = 2 supersymmetry in four dimensions. The Hodge numbers of this manifold are h lt i = 61 
and h 2i i = l. 1 The number of independent 3-cycles is given by 63 = 2 + 2/i 21 = 4, which means 
that all 3-cycles of this model are inherited from the six-torus T 6 . This is in contrast to the 
T 6 /Z 4 orbifold which was considered in [23] where also exceptional cycles have to be included in 
the analysis of the underlying geometry. Furthermore, three (1, l)-forms are inherited from the 
torus, and 18 + 12 + 12 arise from fixtori under Q 2 ,uj and O 2 co>, respectively. The fixedpoints of 
Qu) provide 16 further (1, l)-forms. 

In addition to the orbifold group, we perform an orientifold projection QTZ which was first 
employed in The worldsheet parity Q is accompanied by a geometric action on the compact 

space, 

K : z l — >z J , i = 1, 2, 3. 

This projection introduces 06-planes which are located at the 3-cycles invariant under TZQ k u l 
for k — 0, ... ,3 and 1 — 0,1. In order to cancel the RR tadpoles which arise from the 06-planes, 
one is forced to include D6-branes intersecting at angles in the model. An explicit NSNS three- 
form flux Hns might also play a role in canceling chiral anomalies 26J, which, however, is not 
taken into account in this paper since the search here is focused on supersymmetric models. In 
the most simple example of this kind, the D6-branes lie on top of the 06-planes and cancel all 
RR-charges locally leading to a purely non-chiral spectrum as investigated in [S]. 

1 I am grateful to K. Wendland for the computation of the Hodge numbers. See also 
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R-i x 



Figure V. The possible choices of the compactification lattices per two-torus. Z4 fixed points are 
depicted by filled circles, the additional points invariant under Z 2 subsymmetries by empty cir- 
cles. The basis of each two-torus in our convention is displayed in blue. The two possible choices 
of the third lattice correspond to a vanishing and non-trivial antisymmetric tensor background 
on Tf in the T-dual type IIB orientifold, respectively. 

The constraints on the shape of the two-tori imposed by the orbifold group Z4 x Z 2 and the 
anti-holomorphic involution 1Z are the same as for the Z4 model considered in [21]. Namely, the 
complex structure moduli on the first two tori Tf x T 2 2 are fixed by the Z4 symmetry such as to 
parameterize square tori. Furthermore, the reflexion TZ enforces the orientation of the lattices 
to be either of type A or B as depicted in figure ^ The radii Ra and Rb remain as moduli 
of the compactification. The third torus T| is not constrained by the orbifold action since it is 
only subject to a Z 2 rotation. The reflexion TZ, however, constrains its shape. The two allowed 
choices correspond in the T-dual type IIB orientifold model, where T-duality is taken to act 
along the x 9 coordinate, to the possibility of having either a vanishing or a non-trivial quantized 
antisymmetric tensor background on the dual torus T 3 2 conveniently parameterized by b = 0, 1/2, 
respectively |7j. In addition, the imaginary part of the complex structure and the volume are 
moduli which can be parameterized by the two radii Ri and _R 2 as depicted in figure ^ 

The factorizable 3-cycles which the 06 a -planes and D6 a -branes wrap are conveniently char- 
acterized by the wrapping numbers (n-,m, a ) on the i th two-torus Tf along the basis {e\,e l 2 ) 
displayed in figure H In general, different kinds of D6-branes a and b intersect several times on 
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Figure 2: The four orbits of 06-planes. Each orbit consists of an 06-plane and its image under 
the Z4 generator 0. The black and the purple cycles belong to one orbit, the red and the yellow 
cycles form another orbit. The remaining orbits consist of the blue and cyan cycles and the 
green and brown ones. 

the fundamental cell of the torus. The intersection number in terms of wrapping numbers is 
given by 

i ab = n ("X -n*x o )- 

£=1,2,3 

The symmetries 1Z and G enforce the positions of 06-planes and D6-branes to be grouped into 
invariant orbits as described in more detail in section |3] in the course of calculating the Klein 
bottle and Mobius strip amplitudes. 

3 RR tadpole cancellation 

The requirement of vanishing net RR-charge constrains the allowed sets of wrapping numbers 
and numbers of identical D6-branes. The values depend on the shape of the third torus or, in 
the T-dual picture, on the value of the antisymmetric tensor background. 

The Klein bottle amplitude 

The Klein bottle amplitude can be easily obtained from the computation in jS] where the calcu- 
lation had been constrained to the case R2 = 4 b Ri which parameterizes a square torus T| with 
orientation A or B for b = 0, 1/2, respectively. There exist in total three inequivalent choices 
of complex structures on Tf x T|, namely AA, AB and BB. As in we only consider the 
case where the lattice on Tj 2 x T 2 2 is chosen to be of the kind AB since, only in this case, the 
worldsheet duality is well understood in terms of introducing one sort of boundary and crosscap 
states. 

The eight kinds of 06-planes required by the 0,71x7*4 x Z2 symmetry are displayed in figureEl 
They are grouped into four orbits of two kinds of 06-planes each which are mapped onto each 
other under the Z 4 generator O. The 06-planes wrapping the x s direction contribute a constant 
times R1/R2 to the tadpoles due to the windings perpendicular and momenta parallel to its 
position. In the same spirit, the contribution originating from the 06-planes wrapping the x 9 
direction are proportional to RijR\- 
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Ti : A 



T 2 : B 



T 3 : b = 1/2 




Figure 3: Orbit of a D6-brane with wrapping numbers (nf, mf) = (2,1), (nf, mf) = (1,2), 
(rz^mg) = (1,2) on a tilted torus T 3 2 , i.e. 6 = 1/2. The brane a and its Z 4 image (0a) are 
represented by solid red lines whereas the mirror images a' and (0a)' are depicted by dashed 
red lines. 

The resulting tadpole of the Klein bottle amplitude in the tree channel is given by 

g I R± 1 R 2 



The Mobius strip amplitude 

The general orbit of a D6-brane consists of four different cycles. A brane a is mapped under the 
Z 4 rotation to its image (0a) and under TZ these two are mapped onto their mirror images a' 
and (0a)'. The wrapping numbers of such an orbit are given by 

rii, vn\ \ / —raj, n\ 

a | nf , rri2 , (0a) mf, — n% 

rig, mj y y rig, mg 

n", — m" \ / — m", — nf 

a' ( , nf , (0a)' j -nf , mf 

ng, — mg — 26ng / \ n 3, — m i ~ Zbn^ 

An example of a whole D6-brane orbit is depicted in figure El 

The Mobius strip amplitude has contributions from two different kinds of strings: the aa' 
strings — which are identified with the (0a) (0a)' strings via a Z 4 rotation — are invariant 
under QTZQ 2k uj l . The a(0a)' strings and their rotated images (Oa)a' correspond to 'twisted 
open strings' in the language of [S] and are invariant under Q7Z0 2k+1 u l . 
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The loop channel expression for the aa! strings is given by 

1 

r * 

M 

k,l=0 



-T,a! 



rim 



with the phases s[ k ,0 = 4*'° = and <?J fc,,) = (-1)'. denotes the numbers 

of intersections between the branes a and a' which are invariant under lZQ 2k u l and (pj is the 
angle of brane a with respect to the 1Z invariant axis on the j th two-torus Tj. Performing the 
modular transformation t = -k yields the tree channel expression of the amplitude, 
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The contribution to the Mobius strip amplitude originating from the a(Qa)' strings is computed 
along the same lines. The loop channel expression is given by 
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tion, one obtains the tree channel expression 
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(3) 



Summing over all invariant brane configurations, (j2J) and (jHJ lead to the following contribution 
of the total Mobius strip amplitude to the RR tadpole, 

(p p jura \ roc 



where the following abbreviations for linear combinations of wrapping numbers have been used 
in order to shorten the formulas 

N* = n a 2 + m a 2 , 

M a 2 =n a 2 -m a 2 , (5) 
Ml = ml + bnl. 

N a = ±tr (7^Q k& ,ilmze k w l ) denotes the number of identical D6-branes. The signs of the traces 
are chosen such that the sum of RR tadpoles of Klein bottle, Mobius strip and annulus amplitude 
gives a sum of perfect squares. The actual choice of Chan Paton matrices is listed in section 01 
equation (JHJ). 



The annulus amplitude 



The annulus amplitude is computed in the same way as for the toroidal models studied in [Bj. 
All Z 2 x Z 2 insertions Q 2k u l in the loop channel preserve any configuration of D6-branes but lead 
to Z 2 twisted RR charges which cannot be compensated for by the Klein bottle and Mobius strip 
amplitudes. Therefore, as in the previously studied cases with Z 2 subsymmetries |U [7J |2T] , 
the prefactors of the amplitudes with Q 2h u l insertions have to vanish, i.e. ti^^k^i = for all 
D6-branes. 

Taking into account all contributions to the total annulus amplitude coming from the D6- 
branes as well as their 9 and 71 orbits, the resulting RR tadpole is given by 



A 



RR 




-i 2 



Ri 



^2 N a (n1M 2 - m\N%)M% 




dl. 



(6) 



RR tadpole cancellation 

The formulas (QJ, (JH) and (jBJ) provide two independent RR tadpole cancellation conditions cor- 
responding to the fact that the two radii R± and i? 2 of T 3 2 are not constrained by the symmetries 
of the compactification: 

(n?JV^ + m?M 2 a )r^iV a = 32, 
^KM 2 a -m?A^)M 3 a iV a = -, 

a 

where again b = 0, 1/2 corresponds to the two different allowed shapes of T| and the abbrevia- 
tions (JHJ) have been used. 

This matches by comparison with the supersymmetric non-chiral model in when taking 
into account that QTZ and QTZQ invariant D6-branes occur only in orbits of two different cycles 
(cp. figure |2J) instead of four in the generic case and thus contribute only half of the amount of 
an arbitrary D6-brane to the RR-tadpole cancellation conditions. 
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4 General open spectrum 



Chiral spectrum 



The massless closed string spectrum consists of 57 chiral and one vector multiplet for 6 = and 
of 47 chiral plus eleven vectormultiplets for b = 1/2 A consistent choice of the Chan Paton 
projection matrices for a and a' simultaneously is provided by 



7£ 



/ e^l Na/2 
e~ i7T ^l 



N a /2 














-i7r/4j 



N a /2 









\ 



7 



V 

















J 












/ 













\ 




( 








liV a /2 





\ 

















































i Inn = 

















V 








-IjVo/2 





/ 




\ 





IiVa/2 








/ 



(8) 



The matrices are chosen to be of identical shape for all kinds of D6 a -branes. The corresponding 
Chan Paton matrices for the Z 4 rotated branes (Ga) are obtained from the consistency conditions 
in the Mdbius strip amplitude calculation T^^io 2 ^ 1 ^ = ^~^utib 2 ' c + 1 uj 1 ' 

Note that the flUxZ 2 x Z 2 

substructure is selected such that it matches the one in [21]. The resulting massless spectra for 
the cases with local RR charge cancellation in the compact space, however, coincide with the 
old non-chiral Q1Z x Z 4 x Z 2 models j3] where a different set of matrices was used. 

The generic gauge group supported by a stack of N a identical D6-branes is broken down by 
the Z 2 x Z2 symmetry from the initial U(N a ) factor to a subgroup U(N a /2). If the D6-branes 
are their own mirror images under TZ, the gauge group is further reduced to Sp(N a /2). 2 On 
a generic representation of a unitary gauge factor, the antiholomorphic involution TZ acts as 
complex conjugation. 

The aa strings provide three chiral multiplets in the adjoint representation of U(N a /2) which 
are associated to separating identical D6-branes parallely by a distance on the three two-tori Tj. 
The a(Ba) sector is supersymmetric as well. It provides a chiral multiplet in the adjoint repre- 
sentation of U(N a /2) at each intersection point on T\ x T 2 2 which is associated to recombining 
the brane a and its Z 4 image (0a) and moving the recombined brane away from the intersection 
point (211 • The situation is schematically depicted in figure EJ 

For arbitrary choices of wrapping numbers and radii R\ and R2, the remaining sectors aa', 
a(Oa)', ab . . . are non-supersymmetric. The general chiral spectrum is displayed in tabled The 
chiral fermions are accompanied by a bunch of scalar pseudo-superpartners with the same gauge 
quantum numbers whose masses depend on the six wrapping numbers n®, m", the radii i?i,i?2 
and shape b = 0, 1/2 of the third torus T|. 

The four kinds of D6-branes which lie on top of the 06-planes correspond to the so called 
'filler branes' of the T 6 / (Z2 x Z2) model in [22] plus their Z 4 images. They provide for symplectic 
gauge factors. Their intersections among each other provide only for non-chiral matter and are 
supersymmetric. Their wrapping numbers are explicitly listed in appendix equation (J24j) . 
The intersections of 'filler branes' with arbitrary D6-branes yield the contribution to the chiral 
spectrum displayed in tabled The vanishing of the chiral anomaly can be checked by imposing 

2 We follow the convention where the adjoint representation of Sp(N a /2) has ^^(^f- + 1) degrees of freedom. 
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(6a) 





a 



Figure 4: Schematic picture of the recombination of a brane a and its Z 4 image (0a) triggered 
by a supermultiplet $ in the adjoint representation. 

the RR tadpole cancellation conditions (|ZJ) bearing in mind that the 'filler branes' contribute 
only half the amount to the tadpole equations since they are their own TZ(Q) images. 

Green Schwarz mechanism 

In general, the models provide several U(l) factors. As in the T 6 /Z 3 orbifold model in the 
Green Schwarz mechanism is mediated by the two-form ^ B 2 which is obtained by dimensional 
reduction from the ten dimensional two-form ^02- The dual four dimensional axion ^Cq is 
given by ^Cq = f T6 ^Cq. The three other dual pairs of RR forms present in the toroidal 
case [TT] are projected out by the orbifold symmetry. The coupling of a single D6 a -brane to the 
RR forms is the same as in the toroidal case [TI]. The orbifold symmetry is taken into account 
by summing over all four D6-branes in the orbit of brane a. The resulting couplings are 



The first equation in (pj) can give mass to one U(l) factor, even if it is anomaly-free 
Non-chiral states 

Non-chiral massless states arise from intersections of D6-branes parallel on at least one two-torus 
and from intersections of 'filler branes' q and Cj. These states are listed in table El The part 
of the non-chiral spectrum which involves only 'filler branes' is supersymmetric and can easily 
be seen to be identical to the one computed in [3] for the special case N C1 = N C2 = N cs = N Ci = 




(9) 



16/4 b . 
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General chiral spectrum 




multiplicity 


representation 


aa 

ab 
ab' 
aa' 


3 + i(«) 2 + (m?) 2 )((iV£) 2 + (M£) 2 ) 

lab + Ia(Ob) 

CIO I ^ 00 J 

\{Iaa' + I a (ea)') 

lrrMie _i_ rmze 3 i jmiouj , rfM£0 3 uA 

2' J a(6o) 1 J a(6a)' ~T~ J a(6a)' ~T~ J a(6a)' J 

|(4o' + 4(6a)') 

,l/r!lKe _|_ rf7^0 3 , TniZBuj , 7-f2-^e 3 a;\ 
+ 2^«(ea)' J a(ea)' J a(ea)' J a(6o)' J 


U(N a /2) 

Adj a 
(F a , Ft) 
(F n ,F h ) 
Sym a 

Anti a 



Table 1: General chiral spectrum for the T e /(QTZ x Z4 x Z2) orientifold. F a = N a /2 denotes the 
fundamental representation of U(N a /2). Adj a , Sym a and Anti a denote the adjoint, symmetric 
and antisymmetric representations. The explicit expressions for the intersection numbers are 
given in appendix 1X1 equation (J33J). 

5 NSNS tadpoles 

The computation of NSNS and NSNS(— 1) F contributions to the tadpoles goes along the same 
lines as the one of the RR tadpoles. One obtains a sum of perfect squares, 

( ^ L\L\Ll - 1 1 V L\L\ (n a 3 R 1 ) 2 -(MSR 2 ) 2 j=, 1 lV 



General chiral spectrum 


containing 'filler branes' c 




multiplicity 


representation 


cc 






Sp(N c /2) 




3 + 2 




Anti c 


cb 


hb + I c (eb) 




(F C ,F 6 ) 



Table 2: General contribution to the chiral spectrum for the T 6 /(Q7Z xZ 4 x Z 2 ) orientifold from 
sectors including 'filler branes' c and branes b with arbitrary positions. The explicit expressions 
for the intersection numbers are given in appendix El equation (|25j) . 
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Non-chiral spectrum 




multiplicity 


representation 


ab 


TT P _i_ FT P 

1 liytiQ ab 1 1 l^^t^Q a(fe)o) 


(F tt , F&) + (F a ,F 6 ) 


ab' 


TT F -u TT P 

1 Li^=iq ab 1 1 Li^iq a(fc?o)' 


(F a ,F 6 ) + (F a , F 6 ) 


ac 


1 I ■ / ■ ~T~ 1 1 / ■ , /d „\ 


(F B , F c ) + (F a , F c ) 




3-4 6 


(F Cl ,F C2 ) 

V <-l ' <-2 / 


C1C3 


2 




C1C4 


4 b 


(F Cl ,F c J 


c 2 c 3 


4 b 


(F C2 ) F C3 ) 


c 2 c 4 


2 


(F C2 , F C4 ) 


C3C4 


3-4 6 


(F C3 ; F C4 ) 



Table 3: Massless non-chiral spectrum for the T 6 /(QTZ x Z 4 x Z 2 ) orientifold with sectors 
including 'filler branes'. In addition, representations (Anti a + Anti a ) and (Sym a + Sym a ) 
occur at intersection of a with a' and (9a)' if they are parallel on at least one torus. 



where v = and u = a/ R1/R2 are the square roots of the volume and the imaginary part 

(n^) 2 - (M 3 a i? 2 ) 2 



of the complex structure of T|. Using the notation 



Ml 
u 



vud u C^{u) 



the NSNS tadpoles can be rewritten as 



E 



^-W5(« + ii)| + («* 



E 



raja fa 

RaRb 



T" 



I6v^(« + ii) 

4° M 



The term in the first bracket is proportional to the overall volume of the D6-branes minus the 
volume of the 06-planes and therefore the dilaton tadpole. The term in the second bracket gives 
the complex structure tadpole for T 3 2 since it is proportional to the derivative with respect to u. 
From this identification of the NSNS tadpoles, the scalar potential is deduced to be 

V{*„ u) = e-»- (j2 N a ^f§- - 16V2> + —)]■ (10) 



,a=l 



Using the relation ()26|) in appendix iBl between wrapping numbers and the tangent of the angles 
(p? with respect to the real axes, the compact volume of a D6 a -brane can in general be rewritten 

as 

IlV) = (RARBRml^nl) ((l-^tan^tan^ + fctantf - IJtantf 



.1=1 



i=l 
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Since the necessary condition for preserving supersymmetry, X^Li fi = 0> * n terms of the 
tangents reads 

3 3 

^tan^ = JJtan^, (11) 

i=l i=l 

it is quite obvious that the scalar potential ()10|) vanishes iff the whole D6-brane configuration 
preserves supersymmetry. 



6 Chiral supersymmetric models 

One of the motivations to study type IIA compactifications on T^jiTL^ x TL-i) with intersecting 
D6-branes consists in the quest for phenomenologically appealing chiral spectra. It turns out to 
be a difficult task to find general classes of models which satisfy (|11|) and are free of symmetric 
representations of a unitary gauge factor. In general, six wrapping numbers per D6-brane orbit 
are only constrained by these two conditions. The only relevant modulus of the compactification 
is the ratio of radii R1/R2 which is fixed by a single supersymmetric D6-brane orbit at non-trivial 
angle on T| together with the discrete quantity b = or 1/2. 

In order to start the search systematically, we restrict to the cases where the D6-branes lie on 
top of an 06-plane on one two-torus. By virtue of supersymmetry, these D6-branes are specified 
by only one non-trivial angle There exist six different orbits of this kind with respect to 
and 1Z. Each orbit is characterized by one of the following D6-branes, 



di : 


<Pl 


= 0,y?2 = 


= V?3 = " 


■^1, 


a 2 : 


V>l 


= $2,^2 


= 0,^3 = - 


■A, 


a 3 : 


<Pl 


= $3,^2 


= -^3,^3 = 


= 0, 


CI4 : 


<Pl 


7T 

= 4,^2 


= ^4, V?3 = - 




a 5 : 


<Pl 


= $5,V?2 


7T 

= 4^3 = - 




a 6 : 


<Pl 


= $6,^2 


6 2 


,<f3 



The corresponding 3-cycles are depicted in figure El The necessary conditions for preserving 
supersymmetry in each case in terms of wrapping numbers are explicitly listed in appendix El 
equation (|27j). 

In the cases a 3 . . . a e , the choices of angles $i = 0,j (mod|) correspond to selecting one of 
the supersymmetric 'filler branes' Cj(j = 1...4), and the D6-brane orbit again contains only 
two distinct 3-cycles. 

In the cases of D6-branes ai and a 2 , choosing 1?$ = j leads to a non-trivial supersymmetric 
configuration. The following identities hold independently of the values of the radii R\, R2 and 
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Ti T 2 T 3 




Figure 5: Special supersymmetric D6-brane configurations. Only one representant of each orbit 
containing four distinct D6-branes is depicted for the sake of clarity. The lattice on Tf x T| is 
AB, T| can be rectangular or tilted. 
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b as long as the angles are chosen to be #1 = $2 = \'- 





= 0, 








^ 0,10,2 1 O\\^002) 


= 0, 








1 Sym 1 Anti 


= 2n? I 




+ 


Ri 
R2 


t02 _ ja 2 
Sym 1 Anti 


= 4n? | 




+ 


Ri 
R2 



This means that there is no antisymmetric or symmetric representation of a chiral field associated 
to the stacks ai and a 2 , as long as 

Rx _ 1 
R2 ~ 4* 

is fulfilled, which is the condition for obtaining the rectangular A and B lattice for b = 0, 1/2 
respectively. 

Implementing the constraint $1 = t? 2 = f together with no symmetric representation of the 
gauge group fixes the wrapping numbers of the first two kinds of special D6-branes completely 
up to the choice b = 0, 1/2 of the lattice T|, 

brane: (n u mi) x (N 2 , M 2 ) x (n 3 , M 3 ) 

A: (1,0) x (1,-1) x(l,-i), (13) 

A 2 : (l,l)x(2,0)x(l,-i). 

Constraining the D6-brane set-up now to consist of only these two non-trivial kinds of D6-branes 
Ax, A 2 and the four kinds of 'filler branes' Cj, the tadpole cancellation conditions read 

32 = N Al + 2N M + A h (N C1 + N C3 ) = N Al + 2N M + A h (N C2 + N C4 ) . 

The resulting gauge group of this set-up is U(—^ L ) x U(—^-) x Sp(^) x Sp(^) x Sp(^) x 
Sp(^ k ), and the corresponding chiral spectrum consists only of bifundamental states, 

1 x [(F Al ,F Cl ) + (F Al ,F C2 ) + (F Al ,F C3 ) + (F Al ,F C4 )] 
+2 x [(F Aa ,F Cl ) + (F Aa ,F C2 ) + (F A2 ,F C3 ) + (F Aa ,F C4 )] . 

As already mentioned in section HI the notation of symplectic gauge factors is such that -j- G 2N 
is required. 

A supersymmetric Pati-Salam model with four generations 

The general class of models described in the last paragraph can be used to construct explicit semi- 
realistic chiral spectra. A supersymmetric Pati-Salam model with four generations is obtained 
by choosing the numbers of identical D6-branes to be N A2 = 8, N Cl = N C2 = N C3 = N C4 = 4 and 
the tilted torus, i.e. b = 1/2. The resulting gauge group is 

U{4) x Sp(2f (14) 
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with the chiral matter content 



2 x [(4, 20 + (4, 20 + (4, 2 3 ) + (4, 2 4 )] . (15) 

In this case, since Sp(2) ~ SU(2), the gauge group £7(4) x SU(2) L x SU(2) R is obtained by 
identifying S77(2)i ~ SU(2) 3 and SU{2) 2 — SU{2)± via brane recombination. The required 
kind of Higgs effect is commented on below. The unitary factor £7 (4) is, furthermore, broken 
down to £7(3) x £7(1) by separating the stack of branes A 2 at least on one two-torus, e.g. on T 3 2 , 
into two parallel sets with = 6, iV^ = 2. In the T-dual type IIB orientifold, the breaking 
of the gauge group is triggered by a Wilson line on the corresponding two-torus. From a field 
theoretic point of view, the three adjoint fields originating from the aa sector parameterize the 
brane positions on the three two-tori Tj. A suitable vev. for one of the adjoint scalars leads to 
the required breaking of the gauge group. This mechanism can always occur, since these adjoint 
scalars are flat directions of the compactification. 

Out of the two £7(1) factors which emerge from the decomposition £7(4) — > £7(3) x £7(1)2 — > 
SU{3) x £7(l)i x £7(1)2 in this model, the linear combination 

U{1) B -l = \(U0)i-W(1) 2 ) (16) 

is massless and anomaly-free. The quantum numbers of the chiral fields under U(1)b-l are 
the correct ones for a model containing right handed neutrinos. The second £7(1) factor is also 
anomaly-free, but acquires a mass through the Green Schwarz mechanism in equation ©• 

A supersymmetric Pati-Salam model with three generations 

Starting again with the set of D6-branes A±, A 2 , Cj, c 2 , c 3 , C4, it is possible to construct models 
with three generations but two £7(4) factors. More concretely, the choice Na 1 = Na_ 2 = 8, 
N Cl = N C2 = 4 with 6 = 1/2 leads to a left-right symmetric Pati - Salam model with initial 
gauge group 

17(4)! x U(4) 2 x ^(2)1 x Sp{2) 2 (17) 

and chiral spectrum 

1 x [(4 1; 20 + (4 1; 2 2 )] + 2 x [(4 2 , 20 + (4 2 , 2 2 )] . (18) 

Brane recombination of A\ and A 2 into a single non-factorizable brane and the isomorphism 
Sp(2) 1 ~ SU(2) L , Sp{2) 2 ~ 5£7(2) fi leadtothe usual Pati - Salam group £7(4) xSU(2) L xSU(2) R 
with three generations of chiral matter 3 x [(4, 2l) + (4, 2#)] . 

The discussion of Abelian symmetries is identical to the one for the four generation model, i.e. 
a separation on T 3 2 of the stacks At, A 2 into parallel sets = = 6, N$ = = 2 leads 
to the desired gauge symmetry breaking £7(4) — ► SU(3) x U(1)b-l after brane recombination. 

Brane recombination 

In the model under consideration with three generations, the two kinds of branes Ai, A 2 which 
are supposed to recombine into a single non-factorizable brane preserve a common M = 2 
supersymmetry since they are parallel on the third two-torus T|. In general, a brane recombina- 
tion will take place if the volume of the complex cycle wrapped by the non-factorizable brane is 
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smaller than the the sum of the volumina of the factorizable cycles. On the other hand, since the 
original configuration is supersymmetric in this case, the volume of the final brane configuration 
will be the same as the initial one and the configuration is marginally stable. 

The D-term potential for an U(M a ) x U{M b ) gauge symmetry with M a = M and Af = 2 
hypermultiplets whose complex scalar components are denoted by H[, H 2 in the bifundamental 
representations (F a , F&) and (F OJ F&), respectively, vanishes provided that the following equations 
are fulfilled, 

{H{T a G {H^ - {H^T G W 2 ) = 0, 

A (19) 
J2 {m^Hl - H^T b G (H^) = 0. 

i 

i = I . . . I ao + lateb) labels the number of hypermultiplets which is in the intersecting D6-brane 
models given by the number of brane intersections. T G and T G label the generators of the gauge 
factors U (M a ) and U(M b ), respectively. The gauge indices are summed in such a way that e.g. in 
the first row in (|19j). the index of H\ pertaining to the first gauge factor U(M a ) is contracted with 
the generator T G etc. Imposing vev.s of the scalars in the hypermultiplets to be proportional to 
the identity matrix, i.e. (ifj) = hjl (j = 1, 2), reduces the D-term potential to its U(l) part 

Vb^fe^-E^) • (20) 
The superpotential contributes to the F-terms via 

W = (Hi^aHl - H\§ b W 2 ) (21) 

where $ a , are fields in the adjoint representation of the respective gauge factors and contrac- 
tion of all gauge indices is understood. Imposing diagonal vev.s as above reduces the requirement 
of vanishing F-term contributions to the potential to 



0. (22) 



Therefore, a flat direction admitting brane recombination occurs in the presence of at least two 
hypermultiplets, e.g. for h\ = h 2 = h ^ 0, h\ = h\ = 0. This is exactly the case for the three 
generation model with initial gauge group U(4)i x U(A) 2 where one hypermultiplet is provided 
by the intersection of A\ with A 2 and the other one by the intersection of A\ with (QA 2 ). A 
generic value for h provides the required recombination of A\ and A 2 including their respective 
Z4 images into a single non-factorizable brane with gauge group U(4). 

In the model with four generations, brane recombination is supposed to occur among the 
Sp(2) factors. The discussion of D-terms in this case is similar to the previous one regarding 
the Sp(2) factors as SU(2)s. However, due to the absence of an Abelian factor, the D-terms 
vanish identically for vev.s proportional to the identity. From table El one can read off that there 
exist always two chiral multiplets in the required bifundamental representation of the symplectic 
gauge factors at the intersections C1C3 + Ci(6c 3 ) and c 2 c 4 + c 2 (Oc 4 ). These bifundamentals are 
expected to trigger the brane recombination processes c\ + c 3 — > cl, c 2 + c 4 — > cr which lead 
to the final gauge group U(A) x SU{2) L x SU{2) R . A more precise description of this process 



16 



would, however, require a more detailed analysis of the F-terms in this M = 1 supersymmetric 
sector. 

As mentioned in ^3], the SU(2)r symmetry in both models might also be broken down to a 
£7(1) factor by parallely displacing the brane c 2 in the three generation model and c 2 + c 4 = cr 
in the four generation model from the 06-planes, e.g. on the third two-torus T|, in such a way 
that the whole configuration again respects the Q1Z symmetry. 

7 Conclusions 

In this paper, a type IIA orientifold in the orbifold background T 6 /(Z 4 x Z 2 ) with intersecting 
D6-branes has been studied. The RR tadpole cancellation conditions and the scalar potential at 
disc level have been computed. The general chiral spectrum has been derived, the non-chiral part 
of the low energy spectrum has been considered and two examples of supersymmetric models 
with a Pati-Salam gauge group have been given, thus proving that it is worthwhile to consider 
this orientifold model in greater detail. In particular, the first supersymmetric and stable three 
generation model with right handed fermions but no further exotic chiral matter has been found 
whereas all previous chiral supersymmetric models from intersecting D6-branes on T 6 / (Z 2 x Z 2 ) 
and T 6 /Z 4 contained some exotic matter. As in the latter models, the complex structure moduli 
on two of the three two-tori are frozen by the Z 4 x Z 2 symmetry whereas no such constraint 
arises in the T 6 /(Z 2 x Z 2 ) case. 

However, many open questions remain. On the one hand, it is worthwhile to search more 
systematically for (supersymmetric) models with exactly the chiral MSSM content as well as 
GUT generalizations. Furthermore, the non-chiral sectors need to be studied in full detail in 
order to understand the exact mechanisms of gauge- and supersymmetry breaking and brane 
recombination as well as the low energy features of these models. Phenomenological aspects 
of these models including the computation of gauge couplings similar to those in [22] for the 
T 6 / (Z 2 x Z 2 ) orbifold and Yukawa couplings as computed in |T3] for the toroidal case also 
deserve further study. Furthermore, the gauge threshold corrections as recently considered for 
intersecting D6-branes in [27| deserve to be worked out in detail for the model presented in this 
article. However, it has to be taken into account that in these two specific models, recombined 
branes wrap non-factorizable cycles and thus a generalization of all phenomenological quantities 
explicitly derived for factorizable branes is required. 

Last but not least, in order to understand M-theory better, it is an interesting issue to explore 
in more detail the type II and heterotic dual models. 
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A Intersection numbers 



The explicit expressions for the intersection numbers of the orbits of brane a with brane b in 
term of the wrapping numbers are 



lab + 4(66) = -(nM - mX)(^2^2 - M^N b )(-n a 3 M b + M«n b 3 ) 



+ -(nX + mXXAW + M«M b )(-n a 3 M b + M°n b 3 ), 



hv + l a{ b y = -Km? + m>?)(iV 2 a M 2 b + M*N b ){n a 3 M b 3 + M«n b 3 ) 



mX)(-^2^ + M a 2 M b )(n a 3 M b 3 + M a 3 n b 3 ) 



1 / T mze 

TTl-'a(ea)' 



ja 

1 Sym 



-(laa' + Ia(Qa)' , 



J a(6a)' "T J a(6a)' J a(0a)' 



= -^(m?iV 2 a - ra?M£)ng - 2(m?M 2 a + <iV 2 °)M 3 a 
+ 2m a 1 n a 1 M^N^n a 3 M^ 

+ 1(K) 2 - K) 2 )((iV«) 2 - (M 2 a ) 2 )n^M», 



2~ V a(0a)' J a(0a)' J a(0a)' J a(0a)' > 



4 ft 



n 



?M 2 a )n 3 + 2(m?M 2 a + <iV 2 a )M 3 a 



+ 2m>^M 2 a AT 2 a ^M 3 a 



+ 2(K) 2 



K) 2 )((iV») 2 



(M 2 a ) 2 )n^M 3 a , 



where the abbreviations (0) have been used. 

The wrapping numbers of the TZQ k invariant 'filler branes' are 



(23) 



brane: 


(ni,mi) x (jV 2 , 


M 2 ) x 


K M 3 


Ci : 


(1,0) x (2,0) x 


(4 b , 0) 




c 2 : 


(1,0) x (0,-2) 


x (0,- 


-1), 


c 3 : 


(1,1) X (1,1) X 


(4 6 , 0) 




c 4 : 


(l,l)x(l,-l) 


x (0,- 


-!)• 



(24) 



For intersections of 'filler branes' c with arbitrary branes b, the intersection numbers are given 
by 



Icb + I 



c(0b) 



A b {n\N b + m\M b )M b 
-(m b N b - n\M b )n b 3 



Mi = 0, 
Mi = -1. 



(25) 
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B Supersymmetry conditions on intersection numbers 



The angles on the three two-tori with respect to the real axes in terms of the wrapping numbers, 
radii and shape of T 3 2 are given by 

n\ 

m% - MS 

tanu£ = — = -— -, (26) 

T2 m a 2 +n a 2 Nf K } 



tan (^3 



{ml + bnf)R 2 _ M$R 2 



Using the relations (|26p. the supersymmetry conditions (fT2*Jl for the specific D6-branes character- 
ized by one non-trivial angle $ only can be rephrased in terms of wrapping numbers as follows: 

M 3 R 2 ^ T 
M 2 = — « jV 2 
n 3 Ri 

M 3 R 2 
M 2 



a x ■ 


(ni,mi) 


= (1,0), 


a 2 : 


(iV 2 ,M 2 ) 


= (2,0), 


a 3 : 


(n 3 , M 3 ) 


= (4 6 ,0), 


a 4 : 


(ni,mi) 


= (1,1), 


a 5 : 


(iV 2 ,M 2 ) 


= (1,-1 


a 6 : 


(n 3 , M 3 ) 


= (o,-i) 



(27) 



M 2 = ^ + M ^ 2 iV 2 , 
2 n 3 Rt-M 3 R 2 2 ' 

n 3 i?i + M 3 i? 2 

mi = ni, 

nsRt-M^ 

N 2 

The conditions in terms of the wrapping numbers are only necessary conditions. The correct 
orientation of the D6-branes has to be checked separately. 
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